Abstract 22
Island endemic species are often vulnerable to decline and extinction 23 following human settlement, and the genetic study of historical museum 24 specimens can be useful in understanding these processes. The kākāpō 25 (Strigops habroptilus) is a critically endangered New Zealand parrot that was 26 formerly widespread and abundant. It is well established that both 27
Polynesian and European colonisation of New Zealand impacted the native 28 avifauna, but the timeframe and severity of impacts have differed depending 29 on species. Here we investigated the relative importance of the two waves of 30 human settlement on kākāpō decline, using microsatellites and mtDNA to 31 characterise recent kākāpō genetic and demographic history. We analysed 32 samples from 49 contemporary individuals and 54 museum specimens 33 dating from 1884 to 1985. Genetic diversity decreased significantly between 34 historical and contemporary kākāpō, with a decline in mean number of 35 microsatellite alleles from 6.15 to 3.08 and in number of mtDNA haplotypes 36 from 17 to 3. Modelling of demographic history indicated a recent population 37 bottleneck linked to the period of European colonisation (approximately 5 38 generations ago), but did not support a major decline linked to Polynesian 39 settlement. Effective population size estimates were also larger for historical 40 than contemporary kākāpō. Our findings inform contemporary kākāpō 41
Introduction 56
The vulnerability of island endemic species to extinction is a well-known 57 phenomenon, with drivers of decline including anthropogenic factors such as 58 introduced predators ) 59
and genetic factors such as inbreeding (Frankham, 1998; Jamieson, 2007) . 60
However, disentangling causes of decline can be difficult, as islands have 61 often been colonised multiple times and drivers can act synergistically 62 (Brook, Sodhi & Bradshaw, 2008) . Analysis of historical specimens using 63 ancient DNA techniques (Leonard, 2008 in the decline of endangered species can inform current management to 72 minimise risk of extinction (Leonard, 2008) . 73
Multiple waves of human colonisation have led to dramatic declines of 74 endemic species on the islands of the Pacific Ocean (Steadman, 1995; Pimm 75 et al., 2006) . New Zealand has proven a particularly informative case study 76 for island endemic declines; it has a unique avifauna and is the most recently 77 colonised landmass, such that there is a relatively clear understanding of the 78 likely went extinct in the early 20 th century, and by the 1970s South Island 109 kākāpō were reduced to several males in Fiordland (southwest New Zealand) 110 (Lloyd & Powlesland, 1994; Powlesland et al., 2006) and a small population 111 on Stewart Island, 30 km south of the South Island ( Fig. 1a) (Powlesland et 112 al., 1995) . 113
There are 123 contemporary adult kākāpō (D. Eason, pers. comm.) 114 inhabiting three offshore islands (Fig. 1a) ; they are primarily descended from 115 Stewart Island individuals translocated in the 1990s, though Stewart Island 116 only represents a small fraction of their historical range (Powlesland et al., 117 1995; . At the time of these translocations, the kākāpō population 118 experienced a founder bottleneck of 51 individuals (Powlesland et al., 2006; 119 Robertson 2006 ). An important aspect of current kākāpō conservation is 120 genetic management (Robertson, 2006; Neill, 2008) , using tools such as 121 planned matings and artificial insemination to manage the risks of 122 inbreeding and genetic drift in a population descended from a small number 123 of founders (Robertson, 2006; Robertson et al., 2011) . Thus, a better 124 understanding of the timeframe and severity of kākāpō decline, and its 125 effects on genetic diversity, could inform contemporary management. In 126 addition, differentiating between the impacts of the two waves of human 127 settlement could identify important agents of decline in kākāpō. 128
In this study, we examine changes over time in kākāpō population size 129 and genetic diversity using nuclear and mitochondrial data from 130 contemporary and historical samples. We test for population bottlenecks 131 associated with Polynesian and European settlement; these hypothesised 132 bottlenecks are based on observational records of long-term, widespread 133 kākāpō decline after Polynesian settlement followed by rapid decline of 134 already isolated populations after European settlement. The well-135 characterised nature of human influence in New Zealand allows us to 136 speculate as to which introduced threats (e.g. human settlement, introduced 137 predators) were most important in driving kākāpō decline. We use our 138 findings to guide current conservation of kākāpō, and discuss how a 139 historical approach is broadly useful in understanding population history 140 and managing genetic diversity in endangered species. 141
Methods 142
Sampling 143
Blood samples from 49 individuals (Table S1 ) considered founders of the 144 contemporary kākāpō population were collected between 1985 and 2005; one 145 individual was from Fiordland and 48 were from Stewart Island (Robertson, 2006) . 146
We refer to all founders of the contemporary population (aside from the Fiordland 147 individual) as Stewart Island individuals although all kākāpō originating from 148 Stewart Island have since been translocated to smaller offshore islands (Fig. 1) . In 149 this study, we focus only on founders, as genetic composition of individuals on 150 current offshore islands has likely been highly influenced by the bottleneck of 51 151 individuals and current kākāpō genetic management. We also examined one 152 historical blood sample and 54 museum skins from six regions across the former 153 range of kākāpō (Fig. 1b, Table S2 ). 154
DNA extractions, amplification and sequencing 155
For contemporary samples, genomic DNA was extracted from whole blood using a 156 5% Chelex protocol (Walsh, Metzger & Higuchi 1991 In historical kākāpō, all samples were independently amplified at least five times in 173 order to decrease the chances of allelic dropout (Allentoft et al., 2011) . 174
175

Genetic diversity 176
Mitochondrial genetic diversity indices (number of haplotypes, nucleotide diversity, 177 number of segregating sites, haplotypic diversity) were calculated using the pegas 178 package (Paradis, 2010) (Earl & vonHoldt, 2012) . 223
Multiple runs of the selected K were averaged using CLUMPP (Jakobsson & 224 Rosenberg, 2007 ) and the output was visualised using DISTRUCT (Rosenberg, 225 2003 ). This analysis was performed for both contemporary and historical samples, 226 and for historical samples only. 227
Because STRUCTURE attempts to maximise HWE for each value of K, results 228 can be biased in non-equilibrium populations ( glaciation was also tested with Ne uniformly distributed through time (for 0 to 500 248 generations). We tested these models using both microsatellite and mtDNA data 249 from mainland (historical only, n=45) samples and Stewart Island (n=48 250 contemporary, n=2 historical) samples, resulting in a total of 8 models tested. 251
For each model, 1 million datasets were simulated with the defined 252 demographic and marker parameters (Supplementary Methods; Table 2 ). For the 253 Stewart Island population, we considered one contemporary sample collected at 254 time t=0 generations and one historical sample collected at time t=4 generations in 255 each model. For the mainland population, we only considered historical samples 256 (we excluded Richard Henry, the contemporary Fiordland individual), such that all 257 samples were taken either before or during the presumed European bottleneck. 258
As summary statistics for microsatellite data, we used the mean number of 259 alleles across loci, mean gene diversity (Nei, 1987) population differentiation (Chikhi et al., 2010) . 288
Data Availability 289
In accordance with data archiving guidelines (Baker 2013 
Genetic diversity 294
We analysed 420 bp of the mtDNA control region for contemporary (n=45) and 295 historical (n=51) kākāpō. Contemporary (n=49) and historical (n=47) kākāpō were 296 genotyped at 13 microsatellite loci. Loci Strhab13, Strhab33, and Strhab41 showed 297 significant departure from Hardy-Weinberg equilibrium after Bonferroni correction, 298 but only among historical Fiordland samples. No tests for linkage disequilibrium 299 were significant. Genetic diversity was greater among historical samples for both 300 mtDNA and microsatellite data (Table 1, S5) . For microsatellite data, there were 301 significant differences between contemporary and historical samples for all 302 measures of diversity aside from Ho (Table S5 ). The haplotype network indicated a 303 loss of genetic diversity between historical and contemporary kākāpō (Fig. 2) . There 304 was only one historical haplotype present in contemporary kākāpō, while two of the 305 three contemporary haplotypes were not represented in historical samples. 306
Between historical and contemporary samples, there was a decrease in h, S, Hd, and 307 indel π, though not in π (Table 1) . 308
Population structure 309
There was no apparent geographic pattern of mtDNA population structure in either 310 historical or contemporary kākāpō (Fig. 1b,c) . FST estimates between contemporary 311 and historical samples were significant for both mtDNA (FST = 0.395) and 312 microsatellites (FST = 0.164) ( Table S9a) . FST values were low and non-significant for 313 microsatellites and mtDNA between Fiordland and Westland, the only historical 314 regions with sufficiently large sample sizes for comparison (Table S9b) . We also did 315 not observe evidence for isolation by distance between historical regions or 316 individuals (Fig. S1) . 317 STRUCTURE did not identify population differentiation among historical 318 samples, but identified contemporary samples as a distinct cluster (Fig. 3a, c, S2) . 319
One contemporary individual (Richard Henry, originating from Fiordland) grouped 320 with the historical cluster with a high membership score (q = 0.83; Table S10 ). DAPC 321 results supported STRUCTURE clustering with a strong distinction between 322 historical and contemporary individuals, with Richard Henry (black square) 323 clustering with historical individuals (Fig. 3b, d ). The two historical Stewart Island 324 individuals (blue) grouped distinctly from contemporary Stewart Island individuals 325 (red) (Fig. 3d) , indicating the presence of a mainland lineage on the island when 326 historical samples were collected around 1847 (Dawson 1962) . 327
Characterisation of bottlenecks 328
When testing for population bottlenecks one scenario was strongly supported 329 (Table 3) avian species, such as penguins (Boessenkool et al., 2008) and Chatham Island 476 parrots (Wood et al., 2014) . 477
A historical genetic perspective is generally useful for guiding contemporary 478 management to minimise risk of extinction in endangered species (Leonard, 2008) . 
